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ABSTRACT 

The jet in 3C 273 is a high-power quasar jet with radio, optical and X-ray emission whose size and 
brightness allow a detailed study of the emission processes acting in it. We present deep Chandra 
observations of this jet and analyse the spectral properties of the jet emission from radio through 
X-rays. We find that the X-ray spectra are significantly softer than the radio spectra in all regions 
of the bright part of the jet except for the first bright "knot A" , ruling out a model in which the X- 
ray emission from the entire jet arises from beamed inverse-Compton scattering of cosmic microwave 
background photons in a single-zone jet flow. Within two-zone jet models, we find that a synchrotron 
origin for the jet's X-rays requires fewer additional assumptions than an inverse-Compton model, 
especially if velocity shear leads to efficient particle acceleration in jet flows. 

Subject headings: Galaxies: jets - quasars: individual: 3C 273 - radiation mechanisms: non-thermal 
- acceleration of particles 



1. INTRODUCTION 

Since the launch of the Chandra X-ray observatory, 
it has become evident that X-ray emission is a com- 
mon feature of jets in ra dio galaxies and quasars (see, 
e.g.. iWo rrall et all 120011 for low-power radio ga laxies, 
iSambruna et all 120041 and iMarshall et"aT1 12005b! for X- 
ray surveys of powerful radio galaxies and quasars, 
the overview articles bv lHarris fe Krawczvnskil 120021 
and iKataoka fc Staward 12003 for emission mechanisms, 
and the XJET home page 1 for an up-to-date list 
of X-ray emission associated with extragalactic jets). 
Typically, the X-ray emission from low-power jets 
<|Fanaroff fc RilevllTflTl [FR] class I) fits on a single syn- 
chrotron spectrum with their radio and optical emis- 
sion and is thus satisfactorily explained as synchrotron 
emission (with the interesting problem of having to ac- 
celerate X-ray emitting synchrotron electrons in situ). 
However, the spectral energy distribution (SED) of high- 
power (FR II) jets usually shows the so-called "bow- 
tie" problem, i.e., their X-ray spectrum does not fit 
on an extrapolation of the observed radio/optical syn- 
chrotron spectrum. A representative case in point is the 
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first new X-ray jet de t ection by Chandra, PKS 0637-752 
ijSchwartz et al.ll2000l iChartas et al.ll2000]) . with an ob- 
served cutoff to the synchrotron emission in the optical 
range, but a fairly hard X-ray spectrum 2 (a ~ —0.7) 
and an X-ray flux per frequency decade (i.e., vS u ) ex- 
ceeding the optical one. As the predicted X-ray inten- 
sity from synchrotron self-Compton (SSC) emission is 
usually orders of magnitude below the observed one, it 
has been suggested that these jets are still highly rel- 
ativistic at kiloparsec scales, with bulk Lorentz factors 
in the range 5-30 and beyond, and that the X-rays 
are inverse-Compton (IC) scattered cosmic microwave 
back ground (CMB) photons (the beamed IC -CMB pro- 
cess:lTavecchio et al .120001 ICelotti et «,ll20M|l. The high 
Lorentz factors are necessary in order for the energy den- 
sity of the CMB photon field to be boosted sufficiently 
in the jet rest frame (by a factor T 2 , where T is the bulk 
Lorentz factor of the jet fluid) to account for the observed 
X-ray:radio flux ratios. 

The beamed IC-CMB process is generally invoked to 
account for the X-ray emission from jets in which a sin- 
gle synchrotron component cannot account for the emis- 
sion in all wavebands. If correct, the inferred values of 
r would constitute the first firm measurement of the 
velocity of high-power jets (for the velocities of low- 
power jets, see the modeling by |Laing fc Bridle) 120041: 
iCanvin fc L aing 20 O4ilCanvin et al.l2005[) with profound 
implications for the analysis of jet energetics and com- 
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position. Since the increase of the CMB energy den- 
sity with redshift would cancel the surface brightness 
dimming with redshift, beamed IC-CMB X-ray jets at 
high reds hift could be cos mic beacons that outshine their 
quasars (Schwartz 2002). Moreover, there are jets in 
FR II radio galaxies and quasars whose X-ray emission 
is either well explained as synchrotron emission on an ex- 
trapolation of the radio- optical spectrum (e.g., in some of 
the jets in the survey bvlSambruna et al.ll20(M and that 
in 3C403 Kraft et alJl2005| ). or because the necessary 
Doppler factors cannot be achieve d from geometrical con- 
sider ations, such as in Pictor A ijHardcastle fc Crostonl 
2005) where there is X-ray emission from the counter-jet 
as well as the approaching jet. A detailed check of the 
beamed IC-CMB model is therefore warranted. 

There are two basic testable predictions of the beamed 
IC-CMB model which arise from the fact that those elec- 
trons responsible for the upscattering of CMB photons 
into the X-ray band have low Lorentz factors (10 < 
7 < 100) and hence emit synchrotron radiation at wave- 
lengths of a few tens or hundreds of Megahertz, below the 
typical Gigahertz-range observing frequencies allowing 
high-resolution studies of radio jets. Essentially, a similar 
part of the electron energy distribution can be observed 
in two different wavebands (the electrons producing IC 
emission in the Chandra band emit synchrotron radi- 
ation in the range 40Hz-lMHz: lHarris fc Krawczvnskil 
2002), leading us to expect a close correspondence both 
of morphology and of spectral index between a beamed 
IC-CMB jet's X-ray and radio emission. 

We have chosen the jet in 3C 273 for a detailed test 
of the beamed IC-CMB model with the Chandra X-ray 
Observatory. This jet has a unique combination of prop- 
erties that make it worthy of detailed study: it has a large 
angular size (bright radio, optical and X-ray emission be- 
ing observed from 11" out to 22" from the core), it is one 
of the closest high-power jets (z = 0.158) so that smaller 
physical scales 3 can be resolved than in most similar jets, 
and high-resolution VLA and HST data are available 
l).Iester et alJ |2Q05, and references therein) that allow 
the construction of detailed SEDs and the study of the 
relation between the jet's X-rays and the radio-optical 
synchrotron emission. 3C 273's jet is among those from 
which X-ray emis sion had been detected already with th e 
Einstein satellite l|Willingal ell981ilHarris fc Sternll987f) . 
Based on a comparison of ROSAT HRI observ ations with 
radio and optical data, IRoser et alJ l)200ffl concluded 
that the X-ray emission could only be due to the same 
synchrotron component as the jet's radio-optical emis- 
sion in the first bright feature of the jet ("knot A"), but 
not in the remainder of the jet, where there is a cutoff to 
the synchrot ron component in the n ear-infrared/optica l 
range; later. Uester et al.l l)2002j) and Pester et all (|2005f) 
showed that at 0>!3 resolution, already the radio-optical 
SEDs of most of the jet, including knot A, require a two- 
component model to account for the emission. Hence, the 
X-ray emission there cannot be due to a single radio- 
optical-X-ray sy nchrotron component, either (but see 
lFleishmanll2006l who suggests that an additional contri- 
bution of synchrotron emission from particles moving in 

3 We use a flat cosmology with £7 m = 0.3 and Ho = 
70 km s _1 Mpc — 1 , leading to a scale of 2.7kpc per second of arc 
at 3C 273's redshift of 0.158. 



fields that are tangled on small scales may ex plain the ob- 
served flattening, at least in parts of the iet). Uester et alJ 
( 2002) suggested that the second optical component may 
be the same component as the jet's X-ray emission, but 
could not constrain the emission mechanism for the high- 
energy component further. 

Reg arding the X-ray emission mechanism, IRoser et alJ 
( 2000) ruled out SSC as well as thermal Bremsstrahlung. 
Th e first Chandra observat ions o f this iet were presente d 
bv ISambruna et all (120011) and IMarshall etall 
Mars hall et alJ 1)200 If) presented the first X-ray image of 
this jet with both high resolution and high signal-to-noise 
ratio. Regarding the SEDs , they came to sim i lar cq nclu- 
sions as IRoser et alJ l)2000|) . ISambruna et al.l l)2001|) had 
analyzed a smaller set of the early Chandra data and 
favored a beamed I C-CMB model f or the emission from 
all parts of the jet. IMarshall et al.l ([200 1) compared the 
optical and X-ray morphology at the Chandra resolution 
of 0"78 and found that the X-ray and optical emission 
come from the same parts of the jet and show very similar 
features. However, there are offsets between the X-ray 
and optical peaks in one or both of the first two bright 
knots. In the remainder of the jet, the relative variations 
in X-ray brightness are smaller than those in the radio 
and optical. Such size and brightness differences require 
some parameter fine-tuning in the IC-CMB model. 

Thus, previous observations had left the nature of the 
X-ray emission mechanism of 3C 273 unclear. Here, we 
present a spectral analysis of our new Chandra observa- 
tions, which we combi ne with arch i val da ta and our VLA 
+ HST dataset from Uester et all ((2005) . Observations 
and data reduction are described in our spectral anal- 
ysis and its results are presented in S|21 and we discuss in 
[JUthe implications of our results for the beamed IC-CMB 
model and other emission mechanisms. We summarize 
our findings in fJ3 

2. OBSERVATIONS AND DATA REDUCTION 

We have obtained four observations of 3C 273 and its 
jet in Chandra observing cycle 5, totaling just under 
160 ksec observing time. The observations were split 
into four exposures of equal length in order to search for 
variability within the observing cycle. The quasar and jet 
were placed on the ACIS-S3 chip in each of these. We also 
use calibration observations of 3C 273 from the Chandra 
archive: two ACIS-S3 data sets from cycle 1, with 30 ksec 
exposure time each, and seven ACIS+HETG calibration 
observations, totaling just under 200 ksec. The grat- 
ings only transmit about 10% of the soft X-ray photons 
(E < 2keV), but about 75% of the hard X-ray photons 
(E > 6keV). Hence, we use the grating data to perform 
consistency checks on the spectral shape of the jet at 
the high-energy end of the Chandra bandpass. We will 
not use them for morphological analysis. This decision is 
based purely on the fact that their inclusion would have 
required substantial additional effort without a commen- 
surate gain in the total number of detected photons; as 
the calibration data were used by the calibration team 
to check the effective area, not the pileup or contamina- 
tion correction, they could be used without causing any 
circular reasoning. Table Ogives the observing log. 

We used the Chandra analysis software CIAO v. 3.2 or 
later and calibration database CALDB v. 3.0 or later to 
reprocess all data, taking advantage of updated calibra- 
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TABLE 1 

Observing log for ACIS observations of 3C273. 



Grating 


Obsld 


Exp. time 


Obs. start time 


Frame time 






ksec 


UT 


sec 


None 


1711 


28.09 


2000-06-14 05:13:19 


1.1 




1712 


27.80 


2000-06-14 13:43:27 


3.2 




4876 


41.30 


2003-11-24 23:08:40 


0.4 




4877 


38.44 


2004-02-10 03:40:39 


0.4 




4878 


37.59 


2004-04-26 20:55:16 


0.4 




4879 


39.23 


2004-07-28 03:35:33 


0.4 


HETG 


459 


39.06 


2000-01-10 06:46:11 


2.5 




2463 


27.13 


2001-06-13 06:41:21 


2.1 




3456 


25.00 


2002-06-05 10:03:12 


1.9 




3457 


25.38 


2002-06-05 17:19:11 


2.5 




3573 


30.16 


2002-06-06 00:43:51 


2.5 




4430 


27.60 


2003-07-07 12:08:58 


3.2 




5169 


30.17 


2004-06-30 12:39:18 


2.5 



Note. — All grating-free observations used the ACIS-S3 chip. 
Obslds 1711 and 1712 and all HETG observations are from calibra- 
tion programs, Obslds 4876-4879 were obtained under Chandra GO 
proposal 05700741. 



tions, in particular t he ACIS contamination correction 
ijMarshall et alJl2004|) . and to remove the pixel random- 
ization. The spectral analysis (see following section) was 
per formed using spectral f its in the Sherpa software pack- 
age ({Freeman et al.ll2001j) . In addition, we constructed 
flux-calibrated brightness maps for the ACIS-S3 obser- 
vations. 

Registering Chandra data sets is challenging. The 
absolute pointing calibration of Chandra of about 0'.'4 
ijChandra X-rav Centerl2005aL Table 5.1) is not sufficient 
for our analysis, since the jet width is only about 1". 
The quasar core is the only bright X-ray point source 
in the vicinity of the jet, but it is so bright t hat it is 
severely piled up l|Chandra X-rav Centerll2005al Section 
6.14) even with a frame time of 0.4 s (chosen in our new 
observations) or with the HETG in place. However, the 
readout streak in the grating-free observations contains 
so many counts that it can be used to constrain the lo- 
cation of the quasar core in the perpendicular direction 
with high precision and accuracy. The unpiled wings of 
the PSF provide the necessary second constraint. We fur- 
ther attempt to mitigate the effect of pileup by construct- 
ing an "eV per second" (evps) map, an energy- weighted 
count rate map. Three of the authors (SJ, DEH, HLM) 
have performed independent fits of the non-piled up part 
of the PSF and the readout streak, both on the evps 
maps and on the brightness maps, to obtain the position 
of the quasar core in each of the six ACIS-S3 sets. From 
the RMS of the individual determinations, we estimate 
that the alignment is better than C'l in each coordi- 
nate. We average the individual measurements to get 
a final quasar position in "physical" ACIS coordinates. 
We then update the world coordinate system (WCS) of 
the individual event files and maps to assign 3C273's 
right ascension and declination as determined from radio 
observations to the quasar's fitted physical coordinates. 
For the HETG zeroth-order images, which are used for 
consistency checks, we fit a Gaussian to the wings of the 
quasar image to fix the astrometry relative to the quasar 
core. 

3. ANALYSIS AND RESULTS 



I I 1" = 2.7kpc \N 




A B2 C1 D1 H2 
B1 B3 C2 D2H3 

Fig. 1. — The jet in 3C273 observed with Chandra (top), HST 
(A = 620 nm, middle) and VLA (A =3.6 cm, below) . The long edges 
of each image are along a position angle of 222° ; the physical size 
of the region covered by each image is 5.7 kpc by 28.6 kpc. The 
boxes indicate the regions adopted for the analysis in this paper. 
The VLA and HST map and the labeling scheme are taken from 
IJester et al. I200ff), with a resolution of 0^3 (810 pc) and a pixel 
size of O'.'l (270 pc). The Chandra map is from Obsld 4876, with 
counts binned in 0'.'166 (450 pc) pixels and a resolution of 0'.'78 
FWHM (2.1 kpc). 



3.1. Source extraction regions, variability search, and 
spectral fits 

3.1.1. Extraction regions 

We perform a separate spectral analysis in each of 
nine regions, which we have defined considering both 
the radio/optical and X-ray morphology. Figure [I] shows 
the regions on a Chandra, HST and VLA image. The 
nomenclature for the subdivisions of the original re- 
gions ABCD (iLelievre et all I1984D is that established 
bv iRose r fc Mei senheimerl l) 19911 their Table 4) ; later, 
iBahcall et all (|1995ft and thence iMarshall efafl l|2001fl 
used different subdivisions. 4 There are no gaps between 
the extraction regions, and each is about 1-2" in size. 

While the jet shows similar morphology at all wave- 
lengths, there are differences in some places, which cre- 
ate some ambiguity as to where the boundaries between 
different jet regions (or knots) should be placed. The 
differences in morphology at different wavelengths imply 
spatial variations in the spectral shape. Hence, some of 
our measurement regions mix emission from jet features 
with different spectral shapes. Given that the Chandra 
resolution of 0'.'78 (full- width at half-maximum intensity 
of a Gaussian fitted to the readout streak) is comparable 
to the typical diameter of the jet features, such mixing 
of spectral shapes cannot be avoided entirely. However, 
the morphology differences are mostly minor, the sole 
exception being region Bl, in which the X-ray and op- 
tical emission clearly arch to the north, while the radio 
emiss ion has an arc to the south fcomnare lMarshall et alJ 
120011) . This difference may in fact contain a crucial hint 
to the nature of the emission and particle acceleration 
mechanism acting in the jet; however, the two arcs are 
not fully resolved by Chandra, so that we include both in 

4 The correspondence for the labels that are different between 
the former and the latter nomenclature is: A=A1; B1=A2; B2=B1; 
B3=B2; D1=C3; D2=D. 
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TABLE 2 
Results of variability search 



rxCglOIl 


r lux xllvlo 

% 


V 


opeccrai ixivio 

% 


P 


A 


6 


0.92 


4 


0.90 


Bl 


9 


0.99 


8 


0.88 


B2 


V 


1.00 


2 


0.08 


B3 


5 


0.08 


11 


0.49 


CI 


6 


0.35 


9 


0.58 


C2 


i 


0.10 


7 


0.40 


Dl 


9 


0.75 


9 


0.51 


D2H3 


3 


0.04 


6 


0.39 


H2 


14 


0.12 


18 


0.16 



Note. — Vari ability of jet features fitted with a power- 
law model as in § 13.1.31 



a Root-mean-squared variability of power-law flux normal- 
isation, relative to the mean 

b X 2 probability of obtaining the observed RMS variability 
at random, given the measurement errors 

c Root-mean-squared variability of power-law spectral in- 
dex, relative to the mean 



a single region. Still, the need to consider the emission 
from the arcs in Bl separately should be borne in mind 
when analyzing the spectral shape there. 

For the estimation of the background count rate, we 
define annuli of similar radial extent as the corresponding 
jet region that are centered on the quasar, as large-angle 
scattered photons from the quasar core are the dominant 
contribution to the background. The background regions 
exclude the jet regions themselves as well as the readout 
streak. 

Considering the locations of those events classified as 
"afterglow events" by the CIAO pipeline suggests that 
Obslds 1711 and 1712 include some piled-up events at 
the brightness peak of region A. The other ACIS-S3 ob- 
servations used a l/8th subarray, shortening the frame 
time correspondingly, and therefore do not suffer from 
pileup. The HETG observations have lower count rates 
in the jet and pileup is much less than 1% there. 

To determine the flux and X-ray spectral index, we 
extract spectra and response files for each source region 
using the psextract CIAO script. 

3.1.2. Variability search 

We searched for variability in the count rates of each of 
the regions over all six ACIS-S3 data sets and found no 
variations in excess of the expected Poisson fluctuations 
for a constant count rate. In addition, we performed sep- 
arate Sherpa power-law fits for each knot and each epoch, 
as detailed below. We used the \ 2 test to assess the sig- 
nificance of the fluctations. The observed fluctuations 
and their probabilites are given in Table [3 In nearly all 
regions, the x 2 test returned very high probabilities for 
obtaining the observed fluctuations in the fit parameters 
across the six epochs as random fluctuations of an un- 
derlying spectrum with both constant flux and spectral 
index. Only the flux variability for region D2H3 is sig- 
nificant at the 96% confidence level; however, at 3%, it 
is also amongst the smallest observed fluctuations, and 
there is no systematic trend. Thus, there is no detection 
of significant systematic variability in any of the regions. 



In the remainder of this paper, we therefore concen- 
trate on the question whether the spectral shape of 
the jet emission is consistent with the beamed inverse- 
Compton model. The morphology will be discussed in 
detail in a separate paper. 

3.1.3. Spectral fits 

For the analysis in the remainder of the paper, we com- 
bine all six epochs of ACIS-S data. In each region, we 
perform a joint Sherpa spectral fit for data and back- 
ground, using simple power laws to describe both the 
source and the background components. As the quasar 
itself shows both spectral and flux variability in the soft 
X-ray band (McHardy ct al. 1999J), we allow an indepen- 
dent background model co mponent for every epoch. We 
include a JDPileup model (Davis 200JJ) for the fit of re- 
gion A in ObsIDs 1711 and 1712; the use of this model 
is appropriate since this regi on is unresolved by Chandra 
ijMarshall et alJl2001ll2005al) and it is justified by the fit 
results which indicate a pileup fraction of 3.6% and 9.4%, 
respectively. Trial fits including a pileup model for the 
other 4 data sets and for all other jet regions had results 
consistent with piled up events, even though scaling 
the piled up fraction by the frame time would lead us to 
expect a pileup f raction of about 1% (s ee frame times in 
Table UJ. As in iMarshall et all 1)200 ID . we use the hy- 
dr ogen column density of nn = 1-71 x 10 20 cm -2 given 
bv I Albert et alJ ljl993j) . We perform fits using two meth- 
ods. First, we used the likeliho od method (Cash statistic; 
IChandra X-rav Center! l2005b(l for unbinned events, us- 
ing only the energy range 0.5 keV-8.0 keV. Secondly, we 
grouped the data to a minimum of 15 counts per bin w ith 
X 2 Primini statistics (Ch andra X-rav Centerll2005bf) . in 
this case excluding all bins below 0.5 keV. We do sepa- 
rate fits for the data from the HETG zeroth-order images 
and from the grating- free observations. The fit results 
from both data sets (HETG zeroth-order images and 
grating-free S3 images) and both fitting methods (un- 
binned/Cash and grouped/% 2 ) are consistent with each 
other. We have carried out further spot checks using 
XSPEC power-law fits of the grouped data sets, in which 
background events are subtracted before fitting (instead 
of being included in the fit as a separate model compo- 
nent), and found excellent agreement with the Sherpa 
results. Thus, the following analysis will make use of the 
fit parameters obtained from the fits of unbinned data 
with Cash statistics, and in the remainder of the paper, 
we only bin data for display purposes. 

3.2. Fit results and SEDs from radio to X-rays 

Table|3gives the fit results. In all cases, a simple power 
law was a good fit to the data, according to the proba- 
bilities obtained for the % 2 fits. We also generated X-ray 
SEDs in six energy bands from corresponding brightness 
maps. The SEDs for knots A and B2 show some curva- 
ture in the range 4-5keV and a slightly softer spectrum 
at lower energies than the Sherpa fits, which would be 
consistent with a marginally detected high-energy cut- 
off. However, no evidence for a cutoff was found in the 
fits using the event lists, neither in the pure power-law 
fits nor in fits with a cut-off power law (Sherpa model 
xscutoffpl). The X-ray spectral indices of A and Bl 
are consistent with each other and both approximately 
—0.8. The knots in the remainder of the jet have slightly 
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Fig. 2. — Spectral energy distributions for the jet regions defi ned in Fig. The radio and optical points are obtained by integrating 
the flux from the maps at 0''3 resolution from Jester ct al. ( 2005) over the same extraction regions as the X-rays. Error bars for radio and 
optical data show random errors; there may be additional calibration and flat-fielding errors of up to 3% for the near-infrared and optical 
data points. The magenta solid line in the radio region is a least-squares power-law fit to the three VLA data points; the dotted line in the 
X-ray band has the same spectral index as the VLA data and the same flux density at 1 keV as the Chandra data, to allow a comparison 
of X-ray and radio spectral indices. 



softer X-ray spectra; all knots from B2 up to and includ- 
ing D2H3 again have spectral indices that are consistent 
with each other and a value of —1.010 ± 0.018. 

The radio hot spot region H2 is significa ntly detected in 
X-ray s in the combined data set; in fact. Marshal l et alJ 
( 2001) already noted that the jet was detected out to 
22" from the core, with the radio peak in H2 being lo- 
cated 21'.'4 from the core. A comparison of the X-ray flux 
profile of regions D2H3 and H2 with that of the nearly 
point-like region A confirms the reality of the detection 
of H2. Its spectrum is marginally softer than the rest of 
the jet. 

Figure [3 shows the spectral energy distributions 
(SEDs) of the nine jet regions from radio up to X-rays. 
It is evident from the SEDs that the jet emission from 
radio up to X-rays cannot be explained as a single syn- 



chrotron component for any part of the jet. Except 
for region A, this w as already known from the analy- 
sis of ROSAT dat a JRoser et al.ll200rl and of the first 
Chan dr a data sets ^Mars hall et a lJ2001tlSambruna et alJ 
l2001|h Uester et alJ (|2002t |2005|) showed that a single- 
component synchrotron spectrum was not in fact vi- 
able for knot A, chiefly because the new multi-frequency 
multi-configuration VLA data set used by them, and 
here, yielded substantially different radio SED shapes. 

Our spectral index measurement for knot A of a — 
—0.83 ± 0.02 is consistent w ith the 90% confidence in- 
terval a x — l.ligj give n by ISambruna et al.l l)2001|) at 
the 1.5 er level. However. iMarshall et alJ l)2001fl obtained 
a much harder X-ray spectrum with a = —0.60 ± 0.05. 
The discrepancy is due to two systemat ic effects. First , 
pileup slightly hardened the data used bvlMarshal l et all . 
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TABLE 3 

Fit results for joint X-ray spectral fits 



Region 


a 

Net counts 


oc 


<y a 


Oi> yi Ke v ) 












njy 


njy 


A 


10849 


-0.83 


0.02 


46.54 


0.54 


131 


2632 


-0.80 


0.03 


10.89 


0.25 


132 


3992 


-0.97 


0.03 


19.98 


0.33 


B3 


768 


-1.13 


0.07 


3.41 


0.14 


CI 


1115 


-1.07 


0.06 


4.85 


0.16 


C2 


1467 


-0.96 


0.05 


6.25 


0.18 


Dl 


1182 


-1.02 


0.05 


5.16 


0.17 


D2H3 


1707 


-1.04 


0.04 


7.82 


0.20 


H2 


317 


-1.27 


0.12 


1.30 


0.09 



Note. — The fits were done on the six ACIS-S3 data sets 
without grating, using original events in the range 0.5 keV- 
8.0 keV with Cash statistics in Sherpa. Spectral indices are 
defined such that S v oc v a . 

a Background-subtracted number of counts summed over all 
6 data sets 
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Fig. 3. — Comparison of radio and X-ray spectral indices for the 
jet regions from Fig. The X-ray spectral index and its error are 
obtained from the Sherpa fit. The radio spectral index is the same 
least-squares fit shown in Fig. [3] its error has been calculated from 
the signal-to-noise ratio of the VLA maps. The dotted line shows 
equality of both spectral indices. Except for regions A and Bl, the 
X-ray spectrum is significantly softer than the radio spectrum. 



Secondly, corrections for ACIS contamination, which ab- 
sorbs X-ray photons mostly below 1 ke V, were released 
only after publication of their paper (see IMarshall et all 
I2004|) . We can reproduce the IMarshall et al.1 result by 
turning off the pileup and contamination correction. 

In Fig. |3 we compare the radio and X-ray spectral 
indices directly. It clearly shows the basic and important 
finding of our spectral analysis: except for regions A and 
Bl, the X-ray spectrum is significantly softer than the 
radio spectrum. 

4. DISCUSSION: IMPLICATIONS OF THE NEW SEDS 
FOR THE X-RAY EMISSION MECHANISM 

The aim of the Chandra observations presented here 
was a test of both the synchrotron and the beamed IC- 
CMB models for the jet's X-ray emission. The non- 
detection of significant variability does not rule out syn- 



chrotron as X-ray emission process, as the Chandra res- 
olution clement is sufficiently large (the FWHM of fX'78 
corresponds to 2.1 kpc) to allow possible variability to 
be washed out. We now discuss the implications of the 
observed SED shape for both synchrotron and beamed 
IC-CMB as X-ray emission mechanism. The models have 
to account for the following observational facts: 

1. There is a spectral hardening of the near- 
infrared /optical / ultraviolet emission in all par ts of 
the jet (see the SEDs in Uester et "all 120021 an d 
Fig- El but m particular those in ljester* et al.12 005). 
The shape of the second optical/UV emission com- 
ponent cannot be constrained to a high degree of 
certainty based on the present data set, but it may 
well be the extrapol ation of the X-ray power law 
to lower frequencies Jester et al.11200 2). 

2. The X-ray emission cannot be explained by a 
simple extrapolation of the t otal optical emis- 
sion (the "bow-tie" problem: seelRoser et al.ll2000t 
iSambruna et al.ll200H IMarshall et al.ll200lir 

3. The radio synchrotron emission from the jet 
in 3C273 has a spectral index a « —0.75 
at all observed fre quencies, down to 330 MHz 
ijConwav et al.llT993l and confirmed by our unpub- 
lished VLA data). 

4. Radio and optical emission show very similar de- 
grees of linear polarization out to 18" from the core, 
and the polarization vectors are parallel to each 
other in all parts of the jet except for the optically 
quiet ra dio "backflow" or "cocoon" to the south of 
the j et ijRoser fc Meisenheimerl Il99ll iRoser et alJ 
1996). 

5. The X-ray emission has a softer spectrum than the 
radio emission in most parts of the jet (Figures [21 
and 01. 



G. 



The same morphological features are seen 
at all wavelength s, from ra dio to optical 



JBahcall et alJ Il99l to X -rays ijSambruna et alJ 
l2nmHMaraha.ll et a,lJl20f)l. 

Items H an( i individually rule out a one-zone syn- 
chrotron model, but would be compatible with a two- 
zone synchrotron model as well as an IC-CMB model 
with one or more zones. Item |3 implies that the jet's to- 
tal radio emission is dominated by a single synchrotron 
component down to the lowest currently observed fre- 
quencies. The high linear polarization (item lead to 
the c onclusion that the optical em ission is synchrotron 
light ijRoser fc Meisenheimerl H 99 1[) . and the similarity 
of the radio and optical polarization indicated that the 
radio and optical synchro tron emission are due to the 
same electron population ( Ros er et al.lfl9 96L Remark- 
ably, if the X-ray emission could be shown to be of the 
same origin as most, and not just som e, of the opti- 
cal emission (compare Uester et alJ l2002). the fact that 
the optical emission is synchrotron would imply that the 
X-ray emission is synchrotron, too; this might be ex- 
pected from the similarity of the optical and X-ray mor- 
phology (item HJ1 above), and is very strongly supported 
by the analysis of Spitzer mid-infrared observations by 
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lUchivama et al.l l)2006j) . The clarification of this issue re- 
quires the analysis of further mid-infrared (Spitzer) and 
ultraviolet (HST) data. For now, we discuss the viabil- 
ity of the IC-CMB and the two-zone synchrotron models 
given item[3 

4.1. Viability of the IC-CMB model 

4.1.1. Single-zone IC-CMB 

In the beamed IC-CMB model, CMB photons are 
upscattered into the Chandra band by electrons with 
Lorentz factors of order 50-200 (in a jet with bulk Lorentz 
factor r and Doppler factor 6, photons with incoming 
energy E cm \, are upscattered to energy E x by electrons 
with Lorentz factor 7 w (E x /E cmh /[T 6 (1 + z)]) 1/2 , and 
we used r = 5 = 15, z = 0.158, 0.5 keV < E v < 8keV , 
E C mb = 6.6 x 10~ 4 eV; see lHarris fe Krawczvnskll2002]) . 
Using the formula for the characteristic frequency v c 
of synchrotron emission for electrons with Lorentz fac- 
tor 7 in a magnetic field with flux density B, v c = 
4.2MHz 23/(10 nT) (7/IOO) 2 5 /(l + z) (10 nT = 100/iG), 
we obtain that these same electrons produce synchrotron 
emission at frequencies 20-250 MHz x 23/(10 nT) i.e., at 
lower frequencies than the VLA observations presented 
here (the minimum-energy field in this jet is of order 10- 
20 nT fo r 6=1, and an order of magnitude smaller for 
6 = 15: 1 Jester et all 120051 lHarris fe Krawczvnskil 120021 
iStawarz et alJ l2003|) . The electron energy distribution 
should be either a power law, or have curvature such that 
lower-frequency emission has a harder spectrum. Hence, 
in the beamed IC-CMB model one expects that the X- 
ray spectrum should have a spectrum that has the same 
spectral index as, or is harder than, the radio emission 
from the jet. 

As shown by Figures and 01 the X-ray spectrum 
is significantly softer than the radio spectrum in all 
parts of the jet except for regions A and Bl. When 
the beamed IC-CMB model is put forward to account 
for X-ray emission from high-power radio jets, or used 
to infer physical parameters such as the Doppler fac- 
tor and the line-of-sight angle, the usual assumption is 
a single-zone single-component model, i.e., one in which 
the electron population producing synchrotron emission 
is identical to th at upscattering CMB photons into the 
X-ray band (see |Tavecchio et al. 120001 iSambruna et al.l 
200lUHarris fc Krawczvnski2002USambruna et alJl2004t 
Kataoka fc Stawarzl 1200.1 iMarshall et all l2005bT e.g.) 
and where identical jet volumes contribute to the syn- 
chrotron and inverse-Compton emission. This conven- 
tional single-zone beamed IC-CMB model is difficult to 
reconcile with our new Chandra data for those parts of 
the jet in which the X-ray spectrum is softer than the 
radio spectrum, i.e., the entire jet from Region B2 out- 
wards, at projected distances greater than 15" from the 
core. 

4.1.2. Two-zone IC-CMB 

Compared to positing that the X-rays from jets in 
FR II sources are due to synchrotron emission, the 
single-zone beamed IC-CMB model seemed to be more 
conforming to Occam's razor, since it only needed the 
assumption that the bulk Lorentz factors inferred for 
parsec-scale jets from VLBI observations of Blazars per- 
sist on the kiloparsec scale. By comparison, the syn- 



chrotron hypothesis would require at least a two-zone 
model. In fact, single-zone models are inadequ a te for 
many jet observations (e.g.. lHarris et alJ 119991 120041: 
ICelotti et aT]l200H I Jester et alJl2005|) . leading to the in- 
vocation of a second spatial zone and/or a second spec- 
tral component. Progress in distinguishing between the 
various models can only be made if they are falsifiable 
by observations; X-ray telescopes with spatial resolution 
comparable to that achieved with radio and optical tele- 
scopes would be highly desirable in this context. 

A two-zone model from velocity shear — The presence 
of a transverse velocity gradient, i.e., velocity shear, in 
high-power jets would naturally create zones in the jet 
with different inverse-Compton emissivities. Based on 
high-resolution observations and a physical model of the 
jet flow, the presense of velocity shear has been estab- 
lished in a number of low-power jets: th ose in the ra- 
dio galaxies 3C31 llLaing fc Bridle] T2 004L B2 0326+39 
and B2 1553+24 (iCanvin fc Laindl2004j) and NGC 315 
ijCanvin et alJl2005|) . A "spine-sheath" shear structure 
has also been implied for low-power jets based on beam- 
ing statistics of FR I and BL Lacs in the B2 survey 
l)Capetti et al J 12002^ . as we ll as from polarimet ric ob- 
servations of the jet in M87 ijPerlman et al.lll9 99). How- 
ever, both theoretical considerations l)Meierl l2002|) and 
the analogy bet ween accretion in AGN and black hole 
X-ray binaries ijMerloni et all 120031: iFalcke et all 12004(1 
may lead us to expect that the velocity structure of high- 
power jets is different from that of low-po wer jets (see 
the discussion in §7 of iFender et al.l[2004D . While the 
polarization properties of some jets in FR lis show a 
spine-sheath structure jSwain et al1l!998t lAttridge et alJ 
1999; [Pushkarev et al.ll2005l) that may suggest a s imilar 
velocity structure as in FR Is, iPushkarev eFaT] pOOl 
have pointed out that the polarization structure may be 
caused by the magnetic field structure rather than a ve- 
locity gradient. Thus, even though such a structure has 
not yet been firmly established, it would not be implau- 
sible for FR II jets to have a spine-sheath structure, war- 
ranting its consideration here. 

In a two-zone beamed IC-CMB model for 3C 273, the 
highly relativistic part of the flow (the "spine") would 
account for the bulk of the X-ray emission, while the 
slower part of the flow (the "sheath" ) would dominate 
the synchrotron emission (Fig. E|a). Thus, the observed 
radio spectral index of the jet is that of the sheath, with 
c^sheath ~ —0.75. To match the observed X-ray spec- 
tral index, the fast spine would need to have a syn- 
chrotron spectrum with a sp i nc « — 1. To keep the ob- 
served radio spectral index unchanged, the spine would 
also need to have a much lower radio luminosity. As the 
inverse-Compton model requires the spine to have a large 
Doppler factor, the radio emission from the spine cannot 
be "Doppler-hidden" by having a Doppler factor much 
less than unity (cf. the suggestion of such D oppler hiding 
maki ng the jet in 3C 353 edge-brightened; iSwain et alJ 
1998). Instead, the spine has to have a much lower 
radio brightness than the sheath. If the spine has an 
(observer-frame) flux density at 1.6 GHz of 10% of that 
of the sheath, its steeper-spectrum contribution would 
not change the total spectral index between 1.6 GHz and 
330 MHz by more than 0.05, i.e., within the spectral 
index errors. Hence, we consider a 10% contribution 
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Fig. 4. — Illustration of two-zone emission models. In the two-zone inverse-Compton model (IC-CMB; a), the jet needs to have a 
highly relativistic spine (T rj 50 — 100) to produce the X-ray emission via upscattering of cosmic microwave background photons without 
contributing significant radio synchrotron emission. The slower sheath produces the bulk of the radio synchrotron emission; it may or may 
not be moving relativistically itself. In our two-zone synchrotron model (b), there is still a fast spine surrounded by a shear layer. In this 
case, the bulk of the radio synchrotron emission is produced in the spine. In the sheath, the velocity shear allows particle acceleration to 
take place, producing X-ray emission also by the synchrotron process (labelled "Shear X-rays"; shear acceleration may also occur in the 
IC-CMB model, but is not essential there). The two- zone synchrotron model would admit a much lower bulk Lorentz factor for the spine 
than the two-zone IC-CMB model. 



at 1.6 GHz the maximum plausible flux density of the 
spine that would keep it undetectable as a separate steep- 
spectrum component. 

Estimating the bulk Lorentz factor — We can now es- 
timate the bulk Lorentz factors within a 2-zone model 
from the X-ray:radio ratio. The X-ray emission has to 
be produced in the spine via upscattering of CMB pho- 
tons by an electron distribution that would contribute 
only about 1% of the jet's total synchrotron luminosity 
(where the latter is inferred from the radio flux). We 
just estimated that the spine could contribute at most 
10% of the radio flux density at 1.6 GHz; by extrapolat- 
ing the X-ray flux density to 1.6 GHz using the observed 
spectral index, we obtain that th e X-ray:radio ratio for 
the sp ine (-R(l) in the notation of lHarris fc Krawczvnskil 
2002) is of order 2000. This is much larger than the value 
R(l) ~ 1 inferred from the jet's total radio emission 
ijHarris fc Krawcz vnskil I 2002D. Fol l owing the method 
presented bv lHarris"fcKrawczvnskil l)2002|) . we can in- 
fer the likely Doppler and Lorentz factors for the spine 
if we have an estimate of the magnetic field. If there is 
equipartition of energy between the magnetic field and 
the particles in both the spine and the sheath, we can 
use the scaling of the minimum-energy field B min with 
source luminosity L, volume V and Doppler factor 5 S to 
estimate the relative magnetic flux densities. In this case, 
B min cx {L/V) 2 ' 7 8- b ' 7 (|Stawarz et alJ 120031 equation 
A7) is the appropriate scaling; with our estimate that 
the spine has a total synchrotron luminosity of about 1% 
of that of the sheath, and assuming that the spine occu- 
pies 1/2 of the jet diameter and hence 1/3 of the sheath's 
volume, the magnetic field in the spine would still be 

(5 rcf /7>< 20 % of tne sheath's (where <5 rel = ^pine/sheath 
is the relative relativistic Doppler factor of spine and 

5 <5 = [r(l— f3fi)]~ 1 is the relativistic Doppler factor for an object 
moving at speed /3c = (1 — T _2 ) 1 / 2 c at angle 8 = arccos to the 
line of sight 



sheath llGeorganopoulos fc Kazanasll2003|) '). Hence, fol- 
lowing [Har^^^j£rawcz^nsk!l|2002), we obtain that the 
bulk r sp i ne would have to be of order 50-100 to produce 
R(l) = 2000. 

Jet deceleration in a two-zone IC-CMB model — 
The synchrotron emission from the sheath will ap- 
pear boosted in the frame of the spine, thus providing 
an additional seed ph oton field for Compton scattering 
ijGhisellini et al.ll2005j) . Depending on the relative sizes 
and speeds of spine and sheath, the energy density of 
the sheath photon field as perceived in the frame of the 
spine could be comparable to that of the cosmic mi- 
crowave background. If this was the case, the boosted 
CMB would need to contribute only half of the seed- 
photon energy density. As the boosted CMB energy 
density scales like F 2 , the required bulk Lorentz factor 
would be reduced only by about 1/V2. At the same time, 
the sheath electrons will upscatter seed photons from the 
spine, creating an additional IC component. In the case 
of 3C 273, the dominant contribution to the synchrotron 
luminosity would arise in the shea th ("layer" in the ter- 
minology of Ghiscll ini et al.ll2 0051) rathe r than the spine 
as ass umed for the blazars considered bvlGhiscllin i et aT] 
(2005). This additional "mutual-Compton" (MC) scat- 
tering will produce detailed SEDs that are quite dif- 
ferent from those arising in a one-zone synchrotron + 
beame d IC-CMB model. As noted by iGhisellini et alJ 
( 2005), the MC scattering could cause a deceleration of 
the spine (an "inverse Compton-rocket" effect). This 
might provide a more natural explanation for the de- 
celeration that is necessary to account for the chang- 
ing X-ray:radio ratios along some extra galactic jets, in- 
clu ding 3C 273's (see iHardcastlei 120061 and in particu- 
lar iMarshall et al.ll2005al for the deceleration of this jet 
implied by a o ne-zone beamed-IC model). The FR I 
flow modeling bvlLaing fc Bridle! l|2004f) :IC anvin fc Laind 
l)2004|) : lCanvin et all l)2005|) shows that these jets decol- 
limate as they decelerate, presumably by entrainment, 
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while no sign of decollimation is observed in 3C 273 and 
other high-power jets. 

However, as noted bv lGhisellini et all l|2005ft . the large 
number of free parameters of this kind of two-zone model 
makes it very difficult to obtain definite predictions for 
the expected shape of the SED. The most stringent 
observational constraints will be imposed by verifying 
whether or not the radio spectrum shows any signs of 
the steeper-spectrum component assumed to arise in the 
spine at lower frequencies than observed so far, e.g., 
in the frequency range around 100 MHz that will soon 
be accessible with the Low- Frequency Array (LOFAR). 
In any case, the two-zone IC-CMB model requires that 
the "spine-sheath" jet should develop very different low- 
energy electron populations in the different parts of the 
flow. This may seem somewhat artificial if the velocity 
structure arises from simple velocity shear, unless the 
shape of the electron energy distribution in jets is gov- 
erned entirely by a distributed acceleration mechanism, 
rather than by shock acceleration in the innermost part 
of the jet (compare the discussion of "shock-like" versus 
"jet-like" acceleration in lMeisenheimer et aLH l997'). The 
different energy distributions might arise more naturally 
if the two -zone flow existe d from the outset (e.g., as in the 
model bv lSol et al.lll989ft . A detailed parameter study is 
necessary to explore the range of plausible total SEDs 
(including synchrotron emission, beamed IC-CMB, and 
MC scattering); this is beyond the scope of this paper. 

Constraints on two-zone models from the jet morphol- 
ogy — We will present a detailed study of the X-ray 
morphology based on the new data in a separate pa- 
per; the most relevant finding so far is that most of 
the jet is now clearly resolved transversely even at the 
Chandra resolution. However, the limit to the width 
of the brightness peaks in knots A and B2 is smaller 
than the measured siz es in the optical and radio bands 
( Marshall et al]l2005aft. where they are clearly resolved 
( Bahcall et al J 119951: Uester et al.l l200ll l2005j) . This is 
incompatible with the beamed IC-CMB model — even 
in a decelerating one-zone flow such as that considered 
by IGeorganopoulos &: Kazanasl 120041 the optical emis- 
sion should be the most concentrated because the "opti- 
cal synchrotron" electrons have the shortest synchrotron 
loss scales. Thus, even though the SED of knot A admits 
a one-zone IC-CMB model, its morphology does not. In 
general, the presence of unresolved knot emission super- 
imposed on resolved more diffuse jet emission compels 
us to consider two-zone models (although not necessar- 
ily only spine-sheath models). 

In summary, if FR II jets have a spine-sheath struc- 
ture, and the spine is highly relativistic, there will nat- 
urally be two zones in the jet with different IC-CMB 
emission. The "mutual- Compton" scattering of the radi- 
ation from the one zone by electrons in the other might 
provide a natural explanation for the apparent deceler- 
atio n of 3C 273 implied by the changing X -ray:radio ra- 
tio (|Ghisellini et , al] l2005t lH ardcastlel l200fift. However, a 
two-zone IC-CMB model appears to require unrealisti- 
cally large bulk Lorentz factors for the spine of the jet, 
of order 50-100. Moreover, the two-zone IC-CMB model 
does not intuitively explain why the emission in the X- 
ray band has a softer spectrum than that in the radio 
band. 



4.2. Viability of the synchrotron model 

As pointed out above, a one-zone synchrotron model is 
already excluded by the spectral hardening in the near- 
infrared/optical/UV region. Hence, we only discuss a 
two-zone synchrotron model here. The evidence in favor 
of a spine-sheath structure in FR II jets summarized in 
§ 14. 1.21 is of course equally relevant to the discussion of a 
two-zone synchrotron model. 

In a two-zone synchrotron model, there would be 
the same need to account for these different electron 
energy distributions, but the difference would now be 
between the Zoio-energy electron distribution of one 
zone (emitting at radio wavelengths) and the high- 
energy electron distribution of the other one (produc- 
ing X-rays). It is already kno wn that many low - 
power jets emit synchrotron X-rays irWorrall et all 2001). 
and possibly all such jets do IHardcas tle et al.T l2002). 
The extremely short synchrotron loss timescales of 
10s of years for the X-ray emitting electrons require 
an in-situ acceleration process to generate these elec- 
trons. It would then be an obvious assumption that 
high-power jets are also able to accelerate such elec- 
trons. Indeed, some high-pow er jets show evidence 
for synchrotron X-ray emission dSambr una et all 120041 
iKraft et all 120(151: IHardcastle fc Crostonl 12005ft . More- 
over. IStawarz fe Ostrowskil (12002ft . iRieeer fe Mannheiml 
l|2002|) and iRieger fe Duffvl l)2004ft have all argued that 
efficient particle acceleration is possible in regions of 
velocity shear. Thus, particle acceleration in a 
sheared region of the flow might provide a direct 
physical link between a two-zone velocity struc- 
ture and a two-component synchrotron spectrum, 
since an additional acceleration mechanism would 
be available in the sheared part of the flow. We 
stress that the presence of shear acceleration does not 
preclude the possibility that there is another distributed 
acceleration mechanism acting in the other, or both, fluid 
zones, e.g., one related to the dissipation of magnetic 
fields l|Litvinenkd H9991 

In the context of such a model, the soft X-ray spec- 
trum in 3C273 with a w — 1 for regions B2 and beyond 
could be caused either by a soft energy spectrum being 
generated by the distributed acceleration process, or be- 
cause it arises from a loss-dominated part of the energy 
distribution. The difference in X-ray spectral index be- 
tween the first bright knot A and the faint bridge Bl 
on the one hand, and the second bright knot B2 and 
beyond on the other hand, would require at least some 
difference of the physical parameters (either by produc- 
ing a different electron energy distribution, or by pro- 
ducing stronger cooling), and perhaps even a different 
acceleration mechanism acting there. This physical dif- 
ference might have been expected given that A is the first 
bright region of the optical and X-ray jet, after a g ap of 
12" wi th only very faint op tical ijMartel et alJl2003|) and 
X-ray ({Marshall et al .1200 lft emission. The difference be- 
tween A and B2 may well be related to the reason for the 
jet lighting up at A. We will revisit the emission from the 
inner part of the jet in a forthcoming paper on the X-ray 
morphology. 

In figure \5\ we give a summary of the energetically 
dominant wavebands and the associated spatial compo- 
nent and emission mechanism, both for the two-zone 
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Fig. 5. — False-color image of the jet in 3C273, made by sampling the individual images in Fig.^on a finer pixel grid, combining them to 
an RGB composite (blue channel: Chandra, green channel: HST, red channel: VLA) and smoothing slightly after combination to remove 
the sharp boundaries between the original pixels. The energetically dominant waveband is given below the knots (compare Fig. 0, as 
well as the dominant spatial component and corresponding emission mechanism in each of the two-zone, spine-sheath models considered 
in the text: a two-zone inverse-Compton model with a highly relativistic spine producing X-rays and some fraction of the optical emission 
via inverse-Compton scattering of CMB photons (IC-CMB), surrounded by a slower sheath producing radio synchrotron emission; and 
a two-zone synchrotron model in which the spine produces radio synchrotron emission, while the sheath is a shear layer that accelerates 
electrons emitting synchrotron X-rays. In both models, knots A and B2 may have a contribution to the X-ray emission from a different 
emission or acceleration mechanism. 



inverse-Compton and the synchrotron model. 

5. SUMMARY AND OUTLOOK 

We have presented new deep Chandra Acis-S3 observa- 
tions of the jet in 3C 273 and analyzed them in conjunc- 
tion with archival data, concentrating on the shape of the 
radio / optical / X-ray SED in this paper. Fitting power 
laws to the radio and X-ray spectra, we find that a single- 
zone beamed IC-CMB model for the X-ray emission is vi- 
able only in regions A and Bl; in the remainder of the jet, 
the X-ray spectra are softer than the radio spectra. This 
is in contrast with the similarly well-studied X-ray jets 
of PKS 0637-752, 1136-135, and 1150+497, where the 
radio and X-ray slopes are compatible with each other 
in all parts of the j et where both have been measured 
l|Chartas et al]l200(l ISambruna et aLll2006D . Thus, most 
of the X-ray emission from the jet in 3C 273 must be due 
to a different emission process than Compton scattering 
of CMB photons by the same electrons producing the 
bulk of the synchrotron radio emission. 

A single-zone synchrotron model extending from ra- 
dio to X-rays had already been ruled out for all parts of 
the jet based on previous observations jR/ps er el; al. 2000; 
Sambruna et alJl200fl iMarshall et alJl2001t Pester et all 
2002). A two-zone beamed IC-CMB model does not 
seem capable of accounting for the X-ray emission from 
3C 273's jet with any fewer assumptions than a two-zone 
synchrotron model. A two-zone IC-CMB model may still 
be viable, but would require extreme bulk Lorentz fac- 
tors to produce the observed X-ray emission from much 
fewer electrons than inferred from the jet's total radio 
synchrotron emission. In addition, there is no intuitive 
explanation for obtaining different electron energy dis- 
tributions in the spine and the sheath. By contrast, a 
two-zone synchrotron model, in which a distributed par- 



ticle acceleration mechanism related to velocity shear is 
producing the X-ray emitting particles, provides a causal 
relationship between the difference in fluid velocities and 
the different spectral properties. There would still be 
velocity and hence beaming differences between the two 
zones, but they would not have to be as extreme as in 
the two-zone IC-CMB models, and therefore one might 
hope to obtain better-constrained parameters for the two 
zones, and hence falsifiable predictions of this model. An 
X-ray polarimeter would enable significant progress to 
be made in this question; also, the mid-infrared wave- 
length region that has now been made accessible by the 
Spitzer Space Telescope will be of great importance, as 
sh own by the analysis of t his jet's mid-infrared emission 
bv lUchivama et all <|2006l) . 

It would clearly be desirable to test the consistency 
of the radio and X-ray spectral indices with the one- 
zone beamed IC-CMB model for more jets in the future. 
We will present a detailed analysis of the X-ray mor- 
phology of 3C ' 273's j et elsewhere (for first results, see 
IMarshall et alJ2005aj) . This will allow more tests of both 
emission models for the X-rays. In particular, under- 
standing how the (mostly) wavelength-independent mor- 
phology of this and other jets is produced will provide 
crucial insights into both emission and particle accelera- 
tion mechanisms acting in this and other jets. 
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